Introduction

13
Estrogenic endocrine disruptors (EED) interact with the endocrine systems of animals by 14 engaging with the estrogen signal transduction pathways, resulting in estrogenic toxicity with a myriad 15 of detrimental and adverse effects (Hiramatsu et al., 2005) . 17α-ethinyl estradiol (EE2) is a model 16 EED and is found to contaminate European coastal waters with concentrations fluctuating as high as 17 125 ng/L (Pojana et al., 2004) . The sand goby (Pomatoschistus minutus) is a small benthic fish that 18 inhabits European coastal and estuarine environments. Sand goby have a one-year life cycle with 19 distinctive well-characterized reproductive behaviours, for example sand goby males build nests into 20 which females are lured to lay their eggs (Healey, 1971) . In earlier works, sand goby has been utilized 21 as a model in ecotoxicology for the study of endocrine disruption in both controlled exposure studies 22 (Saaristo et al., 2009 ) and environmental monitoring (Kirby et al., 2003) . Exposure of male and female 23 animals to EE2 was shown to have adverse effects on reproductive output and mating behaviours 24 (Robinson et al., 2003; Saaristo et al., 2010a Saaristo et al., , 2010b ). The molecular mechanisms by which female 25 egg production is impaired are poorly understood. In these studies it was difficult to contextualize the 26 apical endpoints with the classic molecular biomarkers of estrogenic exposure, such as expression of 27 vitellogenin (vtg), partially because at that time, only a small fragment a single vtg was available. 28
Recently this situation has been improved when three vtgs transcripts were identified and shown to be 29 inducible by EE2 exposure in male sand goby (Humble et al., 2013) . The three vtg complete cDNA 30 sequences have now been fully sequenced (accession AGO64301.1 AGO64302.1 and AGO64303.1). 31
Although male hepatic vtg is known to be inducible by exposure to EE2, the EED induced expression 32 patterns of multiple vtg genes over time are unknown. 33
The er is central to the estrogen transduction pathway that is both crucial to vitellogenesis and 34 EED mediated toxicity. Typically teleost fish have three subtypes of er (er, er1 and er2) ( Our hypothesis is that sand goby possesses three er with conserved domain structures and exposure 41 to environmentally relevant concentrations of EE2 induces time-dependent expression patterns in the 42 hepatic expression of these er genes as well as in the multiple vtg genes already sequenced. A 43 comparison of the temporal expression patterns of these estrogen sensitive genes will be useful for 44 biomarker evaluation and risk assessment. The objectives are 1) to sequence multiple ers of the sand 45 goby (at the mRNA and predicted protein level), categorize the ers by subtype and characterize the 46 domain structures and evolutionarily conserved regions; 2) To quantify relative hepatic gene 47 expression of ers in males EE2 exposure at environmentally relevant concentrations of EED and 48 compare this to control females and control males; 3) characterize the temporal mRNA expression 49 pattern of ers and vtgs throughout a long term exposure period to an EED enabling comparison of 50 estrogen responsive genes to evaluate the sensitivity of these potential biomarkers. 51
Materials and Methods
52
The exposure scheme
53
The sand gobies used in the exposure experiments were caught using a hand trawl at natural 54 breeding sites near the Tvärminne Zoological Station (University of Helsinki) on the southern coast of 55
Finland. Trawling was conducted during the main breeding season (May-June). Only sexually mature 56 fish were chosen to this study and they were separated by sex before introduction to the holding 57 tanks. Fish were acclimated to the laboratory conditions for 2 weeks. From holding tanks fish were 58 randomly assigned to six different exposure glass aquaria (80 x 80 x 40). Males were kept at a 59 density of 45 males and females were kept at a density of 15 per tank. Tanks had a 3 cm layer of fine 60 sand on the bottom and were equipped with a flow-through of seawater (see Saaristo et al., 2009, 61 2010a,b). Fish were fed twice a day during the exposure period. 62
The treatment was as follows: EE2 exposure (males), with nominal concentration of 20ng/L 63 (measured concentration 11ng/L, standard deviation (SD) = 3.7, n = 10), During preparation of 64 chemicals, EE2 (Sigma-Aldrich, Finland) powder was dissolved in acetone, which was evaporated 65 using a stream of nitrogen thus eliminating the presence of solvent (Saaristo et al., 2010a,b) . The EE2 66 concentration in the male exposure aquaria was measured by liquid chromatograph-mass 67 spectrometer (LC-MS; HS 1100-Water Quattro II) using methods described in Saaristo et al., 2009 
Quantification of Transcripts by Relative RT-qPCR.
106
RNA extraction from sand goby liver as described in section 2.2.2. 107
qPCR assays
108
The qPCR reactions were primed with transcript-specific primers. Primers for vtga, vtgb, vtgc and 109 28S ribosomal RNA (rs28) were presented previously (Humble et al., 2013) . Primers for erα and erβ1 110 were designed using Primer3 (Rozen and Skaletsky, 2000) and primer pairs were screened against 111 potential to form secondary structures using Netprimer (Premier Biosoft 2002). The reverse 112 transcription, quantitative, PCR (RT-qPCR) primers were validated using end-point RT-PCR to amplify 113 cDNA from female control fish (data not shown) to demonstrate single fragments of expected size and 114 RT-qPCR standard curves constructed to assess the efficiency for each primer set (Table 1 ). rs28 115 shows little variation in hepatic expression in different genders or response to EE2 when a fixed 116 amount of RNA is used (CT standard deviation ±0.55) was therefore used as reference gene. All RT-117 qPCR reactions were carried out in triplicate in 96 clear-well plates using Platinum® SYBR® green 118 qPCR Supermix-UDG (Invitrogen, Paisley, UK) as previously described (Humble et al., 2013) . After 119 amplification a melting curve analysis (60 ˚C to 95 ˚C) was completed for each reaction to 120 demonstrate a single product melting at the correct temperature. 121 Statistically significant differences in mRNA expression between control and exposed (or male and 132 control female) samples were tested using Student's unpaired t-test. For each gene of interest, 133 significant differences between time points were calculated using one-way ANOVA with Tukey's HSD 134 post-hoc test. Between target gene comparisons were made using MANOVA with Tukey's HSD post-135 hoc test. All statistical analyses were performed using the SPSS package (IBM SPSS Statistics 19).
Mathematical and statistical analysis of RTqPCR data
Results
137
Partial sequencing of two estrogen receptors in sand goby
138 RTPCR products of anticipated size were produced for a putative erα and erβ1 from EE2-139 exposed male and control female sand goby liver, but no product for erβ2 was formed even after 140 using alternative tissues and primers (data not shown). The PCR products were cloned and 141 sequenced resulting in contigs 977 bp (erα) and 600 bp (erβ1) in length that were used as queries for 142
BLASTx search and showed highest homology to erα (accession: BAF46102.1, E-value: 8e -121 ) and 143 erβ (accession: BAF46103.1, E-value: 7e Table 1 ) were designed for RT-qPCR to amplify fragments of 158 bp long for 164 both sand goby erα and erβ1. The endogenous mRNA levels of erα and erβ1 in male and female 165 sand goby were analyzed using RT-qPCR. Very low mRNA levels were found for both ers in control 166 males (mean CT for erα was 26.7 and for erβ1 was 25.2). Females had higher endogenous levels of 167 erα (mean CT: 20.02) than erβ1 (mean CT: 26.2).
168
Relative RT-qPCR was used to analyse the fold change in erα mRNA in male sand goby 169 exposed to 11 ng/L EE2 for 29 days to show a highly significant increase in erα mRNA. A significant 170 difference in erα was found between control males and females but no significant difference was 171 found between females and EE2 exposed males indicating this exposure induced hepatic erα 172 expression in males similar to that of females. A small but significant difference in erβ1 was found 173 between control males and males exposed to EE2 but no significant difference was found comparing 174 control males with females. 175
Vtg-a, -b, -c & erα expression over a month-long exposure to EE2
176 Relative RT-qPCR was used to analyse vtga, vtgb, vtgc and erα mRNA levels in control and 177 EE2-exposed (11 ng/L) male sand goby liver at 6 time points throughout 29 days (Fig. 3) . 
Analysis of novel erα and er1 sequences
209
We successfully cloned and sequenced two cDNA fragments from liver of sand goby which show 210 high homology to erα and erβ1 in other fish species. These sequences were translated to gain partial 211 deduced protein sequences which were aligned with Japanese common goby (Acanthogobius 212 flavimanus) deduced proteins to show they had higher similarity at the DNA binding domains and 213 ligand domains than the hinge domains. This is consistent with the functional roles of these domains 214 reportedly conserved during evolution (Aranda and Pascual, 2001 ). Ray-finned fish (Actinopteriygii) 215 contain multiple ers due to gene and genome duplication. Typically there are three er genes in 216 teleosts as described in the Atlantic croaker (Micropogonias undulates) and largemouth bass 217 efforts to clone erβ2 failed for technical reasons but it is of interest that only two ers ( and ) are 219 found in the closely related Japanese common goby (Ito et al., 2007) . Phylogenetic analysis suggests 220 that erβ1 and erβ2 are the result of duplication in an ancestor that was shared with higher vertebrates 221 in which only a single erβ is present (Nelson and Habibi, 2013) . It is unlikely that the goby lineage 222
were not subject to the same duplication event considering erβ of mammals shares more identities 223 with erβ2 of fish than with erβ1 (Hawkins and Thomas, 2004) . It is more likely that erβ2 was 224 redundant and was lost in the goby lineage and all erβ functions are maintained by erβ1. Phylogenetic 225 analysis of VTGs also suggests a distinct evolutionary pathway in the gobies compared to other ray-226 finned fish (Thacker, 2009). 227
Expression of estrogen receptor genes
228
Our study shows that the sand goby has gender-specific patterns of hepatic er expression and by 229 comparison, transcript levels of both ers were low in male with erβ1 marginally higher than that of erα. and erβ2 in females being at higher levels than erβ1 while in males erβ1 and erα were observed at 236 very low levels and erβ2 was higher. The results reported here indicate that sand goby is similar to 237 zebrafish in respect of gender differences in hepatic expression of erα and erβ1 but differ because in 238 sand goby, no erβ2 has been found. 239
In this study we demonstrated a marked increase in transcripts for erα, up to levels comparable to 240 those seen in mature females, and a modest increase in erβ1 in response to EE2 exposure. Exposure 241 of male Japanese common goby to xeno-estrogens has been reported to result in the induced hepatic 242 expression of estrogen-dependent genes implying the presence of ers (Ohkubo et al., 2004) . Here, 243 temporal variation in transcription for erα in male liver was studied over a 29 day EE2 exposure, and a 244 very significant increase in erα relative to the control group was seen at day 24 and expression 245 continued to rise at day 29. This observation promotes the idea that erα may be a suitable biomarkerfor EED exposure-monitoring in male sand goby with high mRNA levels in particular signaling 247 prolonged EED exposure. In zebrafish short term exposure (48 hours) to 17β-oestradiol has been 248 reported to cause disparate effects upon the hepatic transcript levels of the er, with erα increasing 249 erβ1 decreasing (Menuet et al., 2002) , which suggests zebrafish is dissimilar to sand goby regarding 250 its downregulation of erβ1 in response to estrogens. The results reported here show similarity with 251 those reported in largemouth bass where the three er subtypes are classified as α, β (erβ2) and γ 252 (erβ1). Sand goby β1 showed greatest similarity to largemouth bass γ type. Similar to the sand goby, 253 the liver of largemouth bass females has higher endogenous levels of erα than erγ, and the injection 254 of males with E2 causes a large increase in erα and a moderate increase in erγ opened the door for a study of the temporal effects of EE2 on the abundance of these transcripts. Low 263 levels of transcripts for all of the vtg types were found in liver of non-exposed males, arguably the 264 result of low level exposure to an estrogenic chemical during the maintenance and treatment periods. 265 We can discount that these low vtg levels in males were caused by EE2 since in control tanks EE2 266 Future work will also apply these assays to study the natural seasonal variation in the production 291 of multiple vtgs in females and the effects that EEDs on vitellogenesis. It is conceivable that the 292 normal pattern of vtg production in females is altered by such exposure and that this may not produce 293 an optimum balance of nutrient for embryonic development. 294 treated male sand goby relative to control males determined by relative RTqPCR. EE2 treated males 392 were exposed to EE2 at 11ng/L for 29 days. Numbers of individuals are as follows: control males n = 393 7, exposed males n = 7 and control females n = 8. Error bars represent standard error for the mean 394 (SEM) and statistical signicance between control males and control females or exposed males were 395 determined by Student's unpaired t-test test ** = P < 0.01 *** = P < 0.001. 396 Unpaired student t-test was used to test for significant difference between exposed and control 400 samples (* = p < 0.05; ** = p < 0.01; *** = p < 0.001). Separately for each gene of interest, one-way 401 ANOVA with Tukey HSD post-hoc test was used to test for significant differences between time points 402 in exposed samples, The same letter (a, b, c) indicate no significant difference between time points 403 whereas different letters indicate significant differences (p < 0.05) between time points. 404
Conclusions
A) 406
ERα_A._flavimanus MYPEESRGSGGVATVDFLDGTYDYTAPTPAPTLYSHSSTGYFSAPLDVHGPPSDGSLQSL 60 
407
ERα_P._minutus ------------------------------------------------------------
420
*****************************************:*****:.*:**.**.*
422
ERα_A._flavimanus KTAPPQDNKKHYSSNAGGGAKFAVSGMSPDQVLQLLQGAEPPILCSRQKLNGPYTEGTMM 300
423
ERα_P._minutus KTAPLQD-KRQYVSSSGGQAKLSITGMSPDQVLQLLQGAEPPILCSRQKLSGPYTEITMM 145
424
**** ** *::* *.:** **::::*************************.***** ***
426
ERα_A._flavimanus SLLTSMADKELVHMIAWAKKLPGFLQLSLHDQVLLLESSWLEVLMISLIWRSIHCPGKLI 360
427
ERα_P._minutus TLLTSMADKELVHMIAWAKKLPGFLQLSLHDQVLLLESSWLEVLMISLIWRSIHCPGKLI 205
428
:***********************************************************
430
ERα_A._flavimanus FARDLILDRDEGECVEGMAEIFDMLLATASRFRMLKLRPEEFICLKAIILPNSGAFSFCT 420
431
ERα_P._minutus FAQDLILDRSEGDCVEGMAEIFDMLLATASRFRMLKLRPEEFICLKAIILLNSGAFSFCT 265
432
**:******.**:************************************* *********
434
ERα_A._flavimanus GTMEPLHDSAAVQNILDTITDALIHHISQSGYSAQQQSRRQAQLLLLLSHIRHMSNKGME 480
435
ERα_P._minutus GTMEPLHDAAAVQSILDTITDALIYHISQSGYSGQQQARRQAQLLLLLSHIRHMSNKGMI 325
436
********:****.**********:********.***:*********************
438
ERα_A._flavimanus HLYNMKCKNKVPLYDLLLEMLDAHHLHHPVRTNQASSLNNSDPVYGSSSSLSSDPRGTST 540 
439
ERα_P._minutus ------------------------------------------------------------
